Lactobacillus reuteri reduces bone loss in older women with low bone mineral density: a randomized, placebo-controlled, double-blind, clinical trial. J Intern Med 2018; 284: 307-317.
Background. The importance of the gut microbiome for bone metabolism in mice has recently been demonstrated, but no studies are available in humans. Lactobacillus reuteri ATCCPTA 6475 (L. reuteri 6475) has been reported to increase bone mineral density (BMD) in mice but its effect on the human skeleton is unknown. The objective of this trial was to investigate if L. reuteri 6475 affects bone loss in older women with low BMD.
Methods. In this double-blind, placebo-controlled study, women from the population who were 75 to 80 years old and had low BMD were randomized to orally receive 10 10 colony-forming units of L. reuteri 6475 daily or placebo. The predefined primary end-point was relative change after 12 months in tibia total volumetric BMD (vBMD).
Results. Ninety women were included and 70 completed the study. L. reuteri 6475 reduced loss of total vBMD compared to placebo both in the intention-to-treat (ITT) analysis [À0.83% (95% confidence interval [CI], À1.47 to À0.19%) vs. À1.85% (95% CI, À2.64 to À1.07%); mean difference 1.02% (95% CI, 0.02-2.03)] and per protocol analysis [À0.93% (95% CI, À1.45 to À0.40) vs. À1.86% (95% CI, À2.35 to À1.36); mean difference 0.93% (95% CI, 0.21-1.65)]. In general, similar but smaller effects were observed in the secondary bone variable outcomes, but these differences did not reach statistical significance in the ITT population. Adverse events did not differ between groups.
Introduction
Osteoporosis is a disease characterized by loss of bone density and deteriorated bone microstructure, resulting in reduced bone strength and increased risk of fracture [1, 2] . Osteoporotic fractures are usually caused by low energy trauma and are very common, affecting every second woman and every fourth man after 50 years of age [3] . In 2005, there were over 2 million fractures, costing almost USD 17 billion, in the United States alone [4] . Pharmacological treatment that effectively reduces the risk of fracture [5] is available but treatment rates and adherence to medication in patients with high fracture risk remain low, possibly due to fear of rare side effects [6] .
The human gastrointestinal tract is the host for several trillions of microbial cells, suggested to have many important physiological functions in the host, including regulation of the immune system, intestinal endocrine signaling, protection against pathogen overgrowth, biosynthesis of vitamins and serving as a source of energy biogenesis [7, 8] . Dysbiosis of the gut microbiota has been implicated in diseases such as obesity, diabetes mellitus and autoimmune diseases [8] . It has become increasingly clear that that the gut microbiome also modulates bone homoeostasis in mice, potentially by regulating the immune system and osteoclast formation [9, 10] , suggesting that modulating the microbiome and/or inflammatory tone may provide means to modulate bone mass and prevent osteoporosis.
Lactobacillus reuteri ATCC PTA 6475 (L. reuteri 6475) is a microbe indigenous to the human gastrointestinal tract [11] and has potential host benefits including anti-inflammatory properties [12, 13] . Inflammation leads to accelerated bone loss due to stimulation of osteoclastogenesis and increased bone resorption [14] . L. reuteri 6475 supplementation was recently reported to prevent ovariectomy-induced bone loss in mice [15] and increases trabecular bone density in female mice with active inflammation [16] . The effect of probiotic supplementation on the human skeleton is unknown.
In this randomized, double-blind, placebo-controlled trial, it was investigated if daily supplementation with L. reuteri 6475 could reduce bone loss in older women with low BMD.
Methods

Study design
The study 'Effects of Lactobacillus reuteri on Bone in Older Women' (ELBOW) was a double-blind, randomized, placebo-controlled, single-centre trial, performed at the Geriatric Medicine Unit at Sahlgrenska University Hospital in M€ olndal, Sweden. The study was approved by the Regional Ethics Committee in Gothenburg, D-nr 075-15 (26 February 2015) and addendum T229-16 (10 March 2016) . The study was registered at Clinicaltrials.gov (number NCT02422082) prior to study start.
Participants
Study subjects were recruited from women who participated in a larger population-based study (Sahlgrenska University hospital Prospective Evaluation of the Risk of Bone fractures, SUPERB) [17] . Inclusion criteria were willingness to participate, availability throughout the study period, and a Tscore ≤À1 standard deviation (SD) for bone mineral density (BMD) at the spine, hip or femoral neck measured by dual energy X-ray absorptiometry (DXA). Exclusion criteria were as follows: osteoporosis defined as T-score <À2.5 at the spine or the total hip; untreated hyperthyroidism; rheumatoid arthritis; a diagnosis during the last year of chronic obstructive pulmonary disease, inflammatory bowel disease, celiac disease, or diabetes; malignancy diagnosed during the last 5 years; or medication with oral glucocorticoids, antiresorptive therapy, teriparatide during the last 3 years, or antibiotics during the last 2 months. All study subjects gave their written informed consent prior to inclusion.
Randomisation and masking
The sponsor (BioGaia AB) provided 120 sequentially numbered containers, based on a randomization of 120 study subjects into 20 blocks (6 in each block) and was generated using the Web site Randomization.com ⟨http://www.randomization. com⟩. Study subjects were consecutively assigned to study numbers. The study product and placebo were given in identical stick-packs and were provided by research nurses to study subjects, both without knowledge of supplement type (double blinded). Blinding was maintained for all until study end, completion of the statistical analysis plan and database lock.
Procedures
The study product was freeze-dried L. reuteri 6475 (BioGaia AB, Stockholm, Sweden) in doses of 5x10 9 colony-forming units (CFU) mixed with maltodextrin powder, filled in stick packs, and was taken twice daily, yielding a total daily dose of 1x10 10 CFU day À1 . The placebo product consisted of maltodextrin powder. Study participants were instructed to ingest the powder after it was mixed with a cold and nonalcoholic containing food or drink.
A standardized questionnaire was used to collect information about smoking habits, calcium supplementation, alcohol intake, medical history, medications and physical activity [17] . Volumetric BMD (vBMD) and bone microstructure were investigated, at baseline and after 12 months, in the distal tibia with high-resolution peripheral quantitative computed tomography (HR-pQCT; XtremeCT, Scanco medical AG, Br€ uttisellen, Switzerland) with a protocol described earlier [18] . After processing the images, as previously described [19] , the following variables were obtained: total volumetric BMD (vBMD, mg cm À3 ), cortical thickness (Ct.Th, mm), cortical volumetric BMD (vBMD, mg cm À3 ), trabecular bone volume fraction (%). The coefficients of variation (CVs) at our unit, assessed in 30 women aged 75-80 years, were 0.2% (total vBMD), 0.5% (Ct.Th), 0.3% (cortical vBMD) and 0.5% (trabecular bone volume fraction). Areal BMD (aBMD, g cm À2 ) was measured at the total hip, femoral neck and lumbar spine (L1-L4), and body composition of the total body, using a Hologic Discovery A DXA (Hologic, Waltham, MA, USA). The CVs for aBMD measurements at our unit for women aged 75-80 years were 0.8% for total hip, 1.3% for femoral neck and 0.7% for lumbar spine.
Serum samples were immediately frozen after collection. Analysis of HbA1c was conducted on HPLC (ion exchange liquid chromatography) with the Mono-S 5/50 GL Tricorn column (GE Healthcare, Uppsala, Sweden). The coefficient of variation for reproducibility was 1.17%, and the correlation coefficient for linearity with IFCC reference was 0.9992. All other serum analyses were performed in duplicate using immunoassays by TECO medical AG (Sissach, Switzerland): N-telopeptide of type I collagen (NTx; Osteomarkâ; Alere Scarborough, Inc., Scarborough, ME, USA; intra-and inter-assay variability 4.6 and 6.9%, respectively), bone-specific alkaline phosphatase (BAP; Microvue TM ; Quidel Corporation, Athens, OH, USA; intra-and inter-assay variability 5.0 and 5.9%, respectively), high sensitivity c-reactive protein (hsCRP; BioMerica, Inc., Irvine, CA, USA; intraand inter-assay variability 4.4 and 3.3%, respectively) and tumour necrosis factor-a (TNF-a; Quantikine â ; R&D Systems, Inc., Minneapolis, MN, USA; intra-and inter-assay variability 2.0 and 6.7%, respectively).
Outcomes
Primary outcome was relative change after 12 months in tibia total vBMD, and secondary outcomes were relative changes after 12 months in: aBMD measured at the hip and spine; trabecular bone volume fraction; cortical vBMD; cortical thickness; serum markers for bone turnover (N-terminal telopeptide and bone-specific alkaline phosphatase); serum markers for inflammation (C-reactive protein and tumour necrosis factor alpha); serum HbA1c; and body composition (total fat and lean mass). Study subjects visited the clinic every third month to collect more study product and for assessment of adherence and adverse events.
Statistical analyses
A statistical analysis plan was developed before unblinding. Missing data were handled by multiple imputation methodology with 50 study samples including patient characteristics, medical history and prior medications that were associated with at least r ≥ 0.40 to any of the outcome variables or absolute values of those at 12 months or with missingness of any of the outcome variables at ≤0.10 significance level. Baseline measurements for the outcome variables were also included in the imputation regression model, but no follow-up data. Hence, the following variables were used for imputation: age, height, secondary osteoporosis, fracture after age of 50 and all baseline variables for the studied efficacy outcomes. A few variables, for example diabetes, inflammatory bowel disease, menopause before 45 years, that lead to model convergence problems, were excluded. The imputations were performed separately per treatment group to avoid cross-contamination of imputation models and separately for each outcome using PROC MI procedure in SAS Software with fully conditional specification with regression method. The results were pooled using PROC MIANALYZE procedure. A seed was decided ahead of performed analyses.
The difference between the treatment groups with respect to efficacy variables was tested by analysis of covariance (ANCOVA) with relative change from baseline to 12 months as dependent variable, treatment group as fixed effect and baseline value as covariate. From this model, least square means (LSM) with 95% confidence intervals (CI) with P-values were presented. The P-value for the relative change from baseline within the two groups was obtained from the same model, and normality checks were performed. For tests between the two treatment groups, Fisher's exact test was used for dichotomous variables, two-sample t-test or Mann-Whitney U-test for normally and not normally distributed continuous variables, respectively.
The primary and all secondary variables were analysed both for the intention-to-treat (ITT; all randomized subjects) and per protocol (PP) population (those who completed the study and had not used medication in violation of the exclusion criteria). Sensitivity analysis of the primary variable was complete case analysis, adjusted for baseline value and any significant confounders on ITT population. Anticipating a difference of 1.1% in tibia total vBMD change over 12 months between the placebo and treatment group, a standard deviation of 1.5%, an alpha of 5%, and a statistical power of 80%, the number of study subjects needed per group was 30. All tests were two-tailed and conducted at 0.05 significance level. All analyses were performed using SAS Software version 9.4 (SAS Institute Inc., Cary, NC, USA).
Role of the funding source
The funders had no role in design and conduct of the study; collection, management, analysis and interpretation of the data; or in preparation, review or approval of the manuscript. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
On the basis of BMD criteria, a total of 329 of 969 screened women were eligible for the study (Fig. 1 Excluded due to gluccocorticoid usage
The ITT analysis included all study subjects (n = 90) who were randomized to treatment with L. reuteri 6475 or placebo. The study groups were well balanced with regard to baseline characteristics (Table 1 ). All study subjects were Caucasian. A total of 70 (76%) patients completed the study, of whom 34 had been randomized to L. reuteri 6475 and 36 to placebo. Two study subjects (both randomized to L. reuteri 6475) who had completed the study were excluded from the PP population before unblinding due to glucocorticoid treatment during the study. No study subjects began treatment with osteoporosis medication during the study. Also in the per protocol population, the study groups were balanced at baseline (Table S1 ).
The mean relative change in the primary outcome, tibia total vBMD, after study completion was À0.83% (95% confidence interval [CI], À1.47 to À0.19%) in subjects randomized to L. reuteri 6475 and À1.85% (95% CI, À2.64 to À1.07%) in those randomized to placebo in the ITT population. The mean difference between the groups was 1.02% (95% CI, 0.02 to 2.03; adjusted P-value = 0.047; Fig. 2a ). Similar results were seen in the PP population with a mean change in tibia total vBMD of À0.93% (95% CI, À1.45 to À0.40) in the L. reuteri 6475 group and À1.86% (95% CI, À2.35 to À1.36) in the placebo group (adjusted P-value 0.013; Fig. 2b ).
In the ITT population, there were no significant differences in the secondary outcomes, including aBMD, trabecular bone volume fraction or bone microarchitectural indices, bone biomarkers, body composition, inflammatory markers or HbA1c between the L. reuteri 6475 group and the placebo group (Table 2 ). In the PP population, there was a significantly lower reduction in trabecular bone volume fraction in the L. reuteri 6475 group compared to placebo (À0.49% [95% CI, À0.97 to À0.01%] vs. À1.29 [95% CI, À1.74 to À0.83], respectively, with a mean difference of 0.80% (95% CI, 0.13 to 1.46; adjusted P-value 0.02; Table S2 ). In the other secondary outcomes, there were no differences between the groups in the PP population.
During the study period, 80% of the subjects randomized to L. reuteri 6475 and 87% of those randomized to placebo reported any adverse event (Tables 3 and S4 ). Gastrointestinal symptoms were most common, reported by 47% in the L. reuteri 6475 group and 51% in the placebo group. Change in bowel habit and flatulence were the most frequent events in both groups. Adverse events considered to be related to the treatment were similar between the groups (40% in L. reuteri 6475 and 44% in placebo). The main reason for discontinuation was adverse events (91% in the L. reuteri 6475 group and 78% in the placebo group, P = 0.57). Five serious adverse events occurred during the study: one patient in each study group was diagnosed with a breast tumour; two patients in the placebo group suffered from cerebral infarction; and a transient cerebral ischaemic attack occurred in a patient in the L. reuteri 6475 group.
As sensitivity analysis, primary and secondary outcomes were also compared between the L. reuteri 6475 group and the placebo group for all subjects who completed the study. In the analysis of complete cases, a significantly reduced loss of total vBMD and trabecular bone volume fraction was observed in those treated with L. reuteri 6475 compared to those treated with placebo (Table S3 ).
Discussion
In this randomized, placebo-controlled, doubleblind, clinical trial, supplementation with L. reuteri 6475 for 12 months resulted in reduced bone loss in older women with low bone density. The reduction in total vBMD in the distal tibia was nearly half as large in women taking 1x10 10 CFU day À1 of L. reuteri 6475 than in women taking placebo. The two groups were well balanced regarding all anthropometric and lifestyle factors and over all, the pattern of adverse events was similar.
After attainment of peak bone mass, bone loss occurs throughout life and is accelerated following menopause in women [20] . Older women are at a very high risk for fragility fractures [3] , and to substantially reduce the yearly bone loss in this group of patients using a naturally occurring bacteria is a new concept which could lead to a paradigm shift in the prevention of osteoporosis. Previous studies in rodents have suggested that treatment with specific bacterial strains can improve bone density [15, 16, 21] but the present study demonstrates for the first time that this may also be the case in humans.
Trabecular bone, present in the vertebras and metaphyses of the long bones, has a much higher turnover than cortical bone, present primarily in the shafts of the long bones. As a result, diseases and medication affecting the skeleton are identified earlier at skeletal sites rich in trabecular bone [22] . The distal tibia is rich in trabecular bone and is easily accessible for measurement with HRpQCT, a technique with the ability to capture even small alterations in trabecular and cortical bone traits, which both contribute to the total vBMD. Based upon this knowledge, a rapid response to any treatment would most likely be detected as a change in HRpQCT-derived tibia total vBMD, which was therefore chosen as the primary outcome variable in the present trial. Confirming this hypothesis, L. reuteri 6475 supplementation reduced loss of total vBMD in all analyses and of trabecular bone volume fraction in the per protocol and sensitivity analyses. Given the relatively smaller group to group differences in most of the other secondary outcome variables, such as change in spine and hip BMD, in combination with the greater method-dependent coefficients of variations (0.7-1.3% for areal BMD measurements), the statistical power to detect significant treatment-dependent differences for these outcomes was insufficient. With effects of treatment of the HbA1cmmol mol À1 37.9 AE 6.2 37.0 AE 3.8 observed magnitude, over 140 women would be needed in each arm to detect statistically significant effects on total hip BMD.
In vitro studies indicate that L. reuteri 6475 has the ability to interfere with TNF-a-mediated propagation of inflammatory responses in human macrophages [12, 23] . However, L. reuteri 6475 treatment did not significantly affect the levels of inflammation markers (TNF-a and hsCRP) in this trial. Other strains of L. reuteri have also been reported to reduce blood glucose levels in diabetic Mean AE SD. For categorical variables numbers and percentages are presented. Non-normally distributed variables are presented as median with interquartile range. For comparison between groups, Fisher 0 s exact test was used for dichotomous variables and t-test or Mann-Whitney U-test were used as appropriate for continuous variables. There were no significant differences in any of the baseline characteristics between the trial groups consisting of all subjects randomized. HR-pQCT = high-resolution peripheral quantitative computed tomography, L. reuteri 6475 = Lactobacillus reuteri 6475. b The body mass index is the weight in kilograms divided by the squared height in metres. c Run in period was the number of days between bone measurements and first dose of treatment. d Follow-up time is presented as median and interquartile range. Data on follow-up time are presented for complete cases (n = 34 in the treatment group and n = 36 in the placebo group). e Mental and physical composite score derived from SF-12 (version 1.0). f The physical activity score was estimated using the PASE (physical activity in the elderly) questionnaire. Data on PASE-score were missing for one participant in the L. reuteri 6475 group. g Previous glucocorticoid treatment was defined as oral glucocorticoids in a daily dose equivalent to 5 mg prednisolone for more than 3 months. h A high alcohol intake was defined as drinking more than 3 daily standard drinks (330 mL beer, 90 mL wine, 4 cl spirits) per day over a period of seven days. i Previous fracture after the age of 50. j Diseases associated with secondary osteoporosis included any of the following: diabetes, chronic liver disease, untreated hyperthyroidism, menopause before age 45 years of age, malnutrition, malabsorption, chronic obstructive pulmonary disease and irritable bowel disease. k The fracture risk assessment tool FRAX score was calculated with femoral neck bone mineral density and presented as percentage for the 10-year probability of a major osteoporotic fracture. Data for all FRAX variables and prior use of bone affecting medications are presented in Tables S5 and S6 , respectively. mice [24] , and prevent obesity in a mouse model of the metabolic syndrome [25] . Many studies have pointed to an association between gut microbiota and systemic metabolism [26] , but in the present study, treatment with L. reuteri 6475 had no significant effect on HbA1c or body composition. As no differences were detected in the biochemical markers for inflammation, bone metabolism (NTX and BALP) or metabolic indices, the present trial does not provide any explanation regarding the mechanism of the reduced bone loss observed with L. reuteri 6475 treatment.
The strengths of the present study include the randomized and double-blind study design with a prespecified analysis plan, and the fact that the study population was well characterized with regard to lifestyle factors and consisted of older women who are at the highest risk for fragility fractures. The limitations include the relatively small sample size, and that the key secondary outcome variables were not significantly altered by the L. reuteri 6475 supplementation in the primary analyses of the ITT cohort, and that the analyses did not reveal any potential mechanisms for the observed reduced bone density loss with L. reuteri 6475 treatment. The nonsignificantly higher proportion of prevalent fractures in the placebo group at baseline could indicate poorer bone health and perhaps greater bone loss in this group which could have affected the trial results. Also, it cannot be ruled out that the proportion of, for example vitamin D deficiency was higher in the placebo arm than in the control arm, which could have resulted in augmented bone loss in the placebo arm. However, arguing against this hypothesis is the The primary outcome was the relative change after 12 months in total volumetric bone mineral density measured at the tibia. This analysis was conducted in the intention-to-treat population, which consisted of all individuals who underwent randomization. Results presented as adjusted means with corresponding 95% confidence interval. Adjustments for variable baseline values were performed using analysis of covariance (ANCOVA) after multiple imputation. L. reuteri 6475, Lactobacillus reuteri 6475.
fact that there were no baseline differences in bone turnover markers, which would likely be affected by vitamin D deficiency. The trial may still serve as a proof of concept and elicit further studies in the field. Treatment with bisphosphonates, the firstline osteoporosis therapy, results in much larger Results are presented for the safety population as number of events together with percentage. For comparison between groups, Fisher 0 s exact test was used for dichotomous variables. No adverse or serious adverse events were significantly different between the two treatment groups. L. reuteri 6475, Lactobacillus reuteri 6475. A more comprehensive presentation of adverse events is presented in Table S4 . a Adverse events are only reported for main categories occurring in at least 10% of the participants of a study group. effects on bone density [27, 28] than what was observed with L. reuteri 6475. However, prolonged bisphosphonate treatment more than 3-5 years is not recommended for patients with low-to-moderate fracture risk, limiting long-term use of these drugs in many patients [29] .
Prevention of bone loss with
In conclusion, daily supplementation with L. reuteri 6475 for 12 months reduced loss of tibia total vBMD in older women with low BMD. The underlying mechanism for this remains to be elucidated, and further studies are needed to evaluate the clinical usefulness of L. reuteri 6475 supplementation. Probiotic supplementation could be a new and promising concept for prevention of bone loss and osteoporosis.
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